Reductions in pain ratings when administered a placebo with expected analgesic properties have been described and hypothesized to be mediated by the pain-suppressive endogenous opioid system. Using molecular imaging techniques, we directly examined the activity of the endogenous opioid system on -opioid receptors in humans in sustained pain with and without the administration of a placebo. Significant placebo-induced activation of -opioid receptor-mediated neurotransmission was observed in both higher-order and subcortical brain regions, which included the pregenual and subgenual rostral anterior cingulate, the dorsolateral prefrontal cortex, the insular cortex, and the nucleus accumbens. Regional activations were paralleled by lower ratings of pain intensity, reductions in its sensory and affective qualities, and in the negative emotional state of the volunteers. These data demonstrate that cognitive factors (e.g., expectation of pain relief) are capable of modulating physical and emotional states through the site-specific activation of -opioid receptor signaling in the human brain.
Introduction
Placebo effects, the positive physiological or psychological changes associated with the administration of inert substances or procedures, can both enhance and obscure the effects of therapeutic interventions. However, they also represent an instance in which neural processes, through positive cognitive expectations, influence physical and neuropsychiatric states, a veritable example of "mind-body" interactions. It is therefore not surprising that interest is emerging in understanding their underlying mechanisms.
Substantial evidence implicates the endogenous opioid system in the mediation of placebo effects under conditions of expectation of analgesia. During both clinical and experimentally induced pain, placebo administration with expectation of analgesia has been associated with reductions in pain ratings that were reversed by either the open or hidden administration of naloxone (i.e., they were mediated by the activation of pain-suppressive endogenous opioid neurotransmission) (Gracely et al., 1983; Grevert et al., 1983; Levine and Gordon, 1984; Benedetti, 1996; Amanzio and Benedetti, 1999) .
The endogenous opioid system, and specifically its activation of -opioid receptors, thought to primarily mediate the observed effects of placebo and naloxone, is implicated in a number of functions, from the regulation of stress responses and pain, particularly if sustained or threatening to the organism (Watkins and Mayer, 1982; Akil et al., 1984; Rubinstein et al., 1996; Sora et al., 1997; Zubieta et al., 2001) , to reproductive and stress-related neuroendocrine functions (Smith et al., 1998; Drolet et al., 2001) . Substantial evidence has also accumulated as to the involvement of this neurotransmitter system in the adaptation and response to novel and emotionally salient stimuli in both animal models and humans (Kalin et al., 1988; Nelson and Panksepp, 1998; Filliol et al., 2000; Zubieta et al., 2003b; Moles et al., 2004) .
High placebo responders have shown more pronounced rostral anterior cingulate blood-flow responses to the systemic administration of a -opioid receptor agonist, remifentanil, suggesting the presence of variations in the responses of this receptor system as a function of placebo response (Petrovic et al., 2002) . More recently, using functional magnetic resonance imaging (fMRI), the administration of a placebo with expectation of analgesia has also been associated with reductions in the activity of pain-responsive regions, namely the rostral anterior cingulate, the insular cortex, and the thalamus (Wager et al., 2004) .
The present study directly examines whether the introduction of a placebo with expectation of analgesia indeed activates endogenous opioid neurotransmission, using positron emission tomography (PET) and molecular imaging with a -opioid receptor-selective radiotracer. Under these conditions, activation of this neurotransmitter system is evidenced by reductions in the in vivo availability of synaptic -opioid receptors to bind the radiolabeled tracer (Zubieta et al., 2001 (Zubieta et al., , 2002 (Zubieta et al., , 2003a Bencherif et al., 2002) .
From a methodological perspective, one of the difficulties inherent to the use of molecular imaging is the length of time re-quired for the acquisition of quantitative measures of receptor availability (Zubieta et al., 2001 (Zubieta et al., , 2002 , requiring that pain be maintained for a period of time. However, sustained pain also induces the activation of antinociceptive responses (Levine et al., 1978; Watkins and Mayer, 1982; Zubieta et al., 2001) , which by substantially reducing pain ratings over time (Bencherif et al., 2002) may interfere with the subsequent formation of the placebo effect (Price et al., 1999) . These issues were addressed by using an adaptive system that maintained pain over time by increasing the magnitude of the algesic stimulus as the rating of pain intensity reported by the volunteers declined over time (Zhang et al., 1993) . The increases in algesic requirement then provided an objective psychophysical measure of antinociceptive activity, whereas the relationship between stimulus magnitude and pain ratings relate it to the subjective individual experiences of pain.
Materials and Methods
Subjects. Volunteers were 20-to 30-year-old, right-handed males, who were nonsmokers and had no personal history of medical, psychiatric illness, substance abuse or dependence, and no family history of inheritable illnesses. This study was restricted to males within a narrow age range, because both age and sex effects have been described for -opioid receptor concentrations and the capacity to activate this neurotransmitter system (Gabilondo et al., 1995; Zubieta et al., 1999 Zubieta et al., , 2002 . Volunteers were not taking psychotropic medications or hormone treatments and did not exercise in excess of 1 h three times a week. Subjects were instructed not to drink alcohol for at least 24 h nor to exercise or eat for at least 3 h before the study. Written informed consent was obtained in all cases. All the procedures used were approved by the University of Michigan Investigational Review Board and the Subcommittee for Human Use of Radioisotopes.
Experimental design. Each volunteer was scanned three times with PET and [
11 C]carfentanil. An initial study was performed without any intervention (baseline), and the second and third studies included either a sustained pain challenge or sustained pain with placebo with implied analgesic properties. Radiotracer administrations were separated by at least 2 h to allow for radiotracer decay and eliminate any possible residual effects of the preceding challenge.
Pain and pain plus placebo conditions were introduced 40 min after radiotracer administration in a blind, randomized, and counterbalanced design (one-half of the volunteers receiving pain first and one-half receiving pain plus placebo). Deep sustained muscle pain was maintained from 40 to 60 min after radiotracer administration by the infusion of medication-grade 5% hypertonic saline into the relaxed masseter (jaw) muscle via a computer-controlled pump (total volume, 2.91 Ϯ 0.96 ml), as described previously (Zhang et al., 1993; Stohler and Kowalski, 1999) . Briefly, after the standardized bolus injection of 0.15 ml of hypertonic saline, infused over 15 s, subjects were required to report the present pain intensity every 15 s on an electronic version of 100 mm visual analog scale (VAS), with the lower and upper bound of the scale marked with numbers 0 and 100, representing the range from "no pain" to "the most pain intensity imaginable." Based on pain intensity scores provided by the subject every 15 s for the reminder of the experiment, individual infusion requirements were continuously modeled and updated to keep the present pain intensity scores in the preset range for the full duration of the experiment. Infusion volumes, required to maintain the preset pain intensity, were recorded every 15 s, and the cumulative infusion volume required over time was used as an indicator of subjects' pain sensitivity. Using this model, pain disappears 5-10 min after completion of the algesic infusion. To avoid swelling and possible tissue damage, the maximum infusion rate was limited to 250 l/min.
Immediately after completion of the trials, the subjective pain experience was evaluated using the comprehensive version of the McGill Pain Questionnaire (MPQ) (Melzack and Torgerson, 1971 ) and overall VAS scores (rated from 0 to 100) of pain intensity and pain unpleasantness. The internal affective state of the volunteers was rated with the Positive and Negative Affectivity Scale (PANAS) (Watson et al., 1988 ) and the Profile of Mood States (POMS). The composite Total Mood Disturbance score (TMD) was used to evaluate the transient negative mood elicited by the pain stimulus (POMS-TMD) (McNair et al., 1992) . These scores were related to the algesic input (subjective scores per vol of hypertonic saline, in milliliters) to provide with assessments of the pain experience as a function of the pain stimulus administered to the subject in each of the experimental conditions. Subjects were given the following clinical trial-type instructions before administration of the placebo, so that the conditions of the study would be similar to those encountered in typical placebo-controlled drug trials: "We are studying the effect of a medication that may or may not relieve pain. This medication is thought to have analgesic effects through the activation of brain systems that suppress pain." In the written consent form, it was further explained that they could receive an active drug or a substance with no intrinsic pain relief properties. Subjects were also informed that they may not be able to ascertain whether the drug was actually working to relieve the pain or not but that the investigators would be able to ascertain its analgesic properties through their monitoring equipment.
The placebo condition consisted of the introduction of 1 ml of 0.9% physiological saline into one of the intravenous ports, every 4 min, starting 4 min after the initiation of the pain challenge and lasting for 15 s each time. Subjects were informed that the study drug was to be administered by means of a warning that was followed by a second-by-second count of the infusion timing (15 s), using a computer-generated human voice recording. Subjects were also asked to estimate the expected analgesia before the introduction of the placebo and afterward, estimating the analgesic properties using a VAS scale from 0 (no analgesic effect) to 100 (maximum analgesia).
Neuroimaging methods. MRI scans were acquired in all subjects on a 1.5 tesla scanner (Signa; General Electric, Milwaukee, WI). Acquisition sequences were axial spoiled gradient-recalled echo (SPGR) inverse recovery-Prep MR [echo time (TE), 5.5; repetition time (TR), 14; inversion time, 300; flip angle, 20°; number of excitations (NEX), 1; 124 contiguous images; 1.5 mm thickness], followed by axial T2 and proton density images (TR, 4000; TE, 20 and 100, respectively; NEX, 1; 62 contiguous images; 3 mm thick).
PET scans were acquired with a Siemens AG (Erlangen, Germany) HR ϩ scanner in three-dimensional mode [reconstructed full width at half maximum (FWHM) resolution, ϳ5.5 mm in-plane and 5.0 mm axially], with septa retracted and scatter correction. Participants were positioned in the PET scanner gantry, and two intravenous (antecubital) lines were placed. A light forehead restraint was used to eliminate intrascan head movement. [ 11 C]carfentanil was synthesized at high specific activity (Ͼ2000 Ci/mmol) by the reaction of 11 C-methyliodide and a nonmethyl precursor as described previously (Dannals et al., 1985) , with minor modifications to improve its synthetic yield (Jewett, 2001 ); 10 -15 mCi (370 -555 MBq) were administered to each subject for each of the three PET scans. The baseline study was always performed first, typically 24 -48 h before the challenge studies. Pain and pain plus placebo studies were separated by at least 2 h to allow for tracer decay. The maximum mass of carfentanil injected was 0.03 g/kg per scan, ensuring that the compound was administered in tracer quantities (i.e., subpharmacological doses). Receptor occupancy by carfentanil was calculated to be between 0.2 and 0.6% for brain regions with low, intermediate, and high -opioid receptor concentrations, based on the mass of carfentanil administered and the known concentration of -opioid receptors in the postmortem human brain (Gross-Isseroff et al., 1990; Gabilondo et al., 1995) . Fifty percent of the [ 11 C]carfentanil dose was administered as a bolus, and the remainder as a continuous infusion using a computercontrolled pump to achieve steady-state tracer levels at ϳ35-40 min after tracer administration. Twenty-eight frames were acquired over 90 min with an increasing duration (30 s to 5 min).
Images were reconstructed using iterative algorithms (brain mode; FORE/OSEM, 4 iterations; 16 subsets; no smoothing) into a 128 ϫ 128 pixel matrix in a 28.8-cm-diameter field of view. Attenuation correction was performed through a 6 min transmission scan ( 68 Ge source) obtained before the PET study, also with iterative reconstruction of the blank/transmission data followed by segmentation of the attenuation image. Small head motions during emission scans were corrected by an automated computer algorithm for each subject before analysis, and the images coregistered to each other with the same software (Minoshima et al., 1993) . Time points were then decay-corrected during reconstruction of the PET data. Image data were then transformed on a voxel-by-voxel basis into two sets of parametric maps: (1) a tracer transport measure (K 1 ratio) and (2) a receptor-related measure at equilibrium (DVReq), the latter using data obtained from 40 -90 min after tracer administration. The tracer transport and binding measures were calculated using a modified Logan graphical analysis (Logan et al., 1996) , using the occipital cortex (an area devoid of -opioid receptors) as the reference region. With the bolus-continuous infusion tracer administration protocol used, all regions achieved steady state by between 35 and 40 after tracer administration (e.g., they are not susceptible to biases introduced by blood flow and therefore tracer transport changes). The slope of the Logan plot was used for the estimation of the distribution volume ratio (DVReq), a measure equal to the (B max /K d ) ϩ 1 for this receptor site and radiotracer. B max /K d (or DVReq Ϫ 1) was the receptor-related measure (-opioid receptor availability or binding potential). K 1 and DVReq images for each experimental period and MR images were coregistered to each other and to the International Consortium for Brain Mapping (ICBM) stereotactic atlas orientation (Meyer et al., 1997) .
Statistical parametric maps of differences between conditions (control-pain, pain plus placebo-pain) were generated by anatomically standardizing the T1-SPGR MRI of each subject to the ICBM stereotactic atlas coordinates, with subsequent application of this transformation to the -opioid receptor binding maps (Meyer et al., 1997) . The accuracy of coregistration and nonlinear warping algorithms was confirmed for each subject individually by comparing the transformed MRI and PET images to each other and the ICBM atlas template.
Differences between conditions and groups were then mapped into stereotactic space using z-maps of statistical significance with statistical parametric mapping (SPM) (SPM 99; Wellcome Department of Cognitive Neurology, London, UK) and Matlab (WaveMetrics, Lake Oswego, OR) software, with a general linear model and correction for multiple comparisons (Friston et al., 1995) . No global normalization was applied to the data, and therefore the calculations presented are based on absolute B max /K d estimates. Only regions with specific -opioid receptor binding were included in the analyses (voxels with DVR values Ͼ1.2 times the mean global image value for -opioid receptor images as calculated with SMP 99). To compensate for small residual anatomic variations across subjects and to improve signal-to-noise ratios, a threedimensional Gaussian filter (FWHM, 6 mm) was applied to each scan.
Comparisons between conditions, within subjects were then performed using paired, two-tailed t tests, on a voxel-by-voxel basis. Areas of significant differences were detected using a statistical threshold that controls a type-I error rate at p ϭ 0.05 for multiple comparisons. These statistical thresholds were estimated using the Euler characteristic (Worsley, 1994) based on the number of voxels in the gray matter, image smoothness, and the extent of local changes (correction for cluster volume) (Friston et al., 1991) . The only region for which a lower statistical threshold was allowed (p Ͻ 0.0001 uncorrected) was the periaqueductal gray, because of its small size, making the finding of significant effects difficult, and because of its central involvement in endogenous opioid modulation of pain. Numerical values for the graphs presented in Figures 2 and 3 and for the correlations described in the text were extracted from the image data by averaging the values of voxels contained in an area where significant differences were obtained in the voxel-by-voxel analysis, down to a threshold of p ϭ 0.01. Correlations between activation of neurotransmission and the changes in psychophysical measures were calculated with one-tailed Pearson correlations at p Ͻ 0.05, given the known directionality of these relationships (Zubieta et al., 2001) .
The within-subject, interexperimental variability in the binding measures was calculated previously from a separate sample of five healthy individuals, 20 -30 years of age, studied twice without interventions. For the regions in which placebo effects were detected in this study (anterior cingulate, prefrontal cortex, insular cortex, nucleus accumbens), interexperimental differences ranged from 7.7 to Ϫ8.4% (mean, Ϫ3.2 Ϯ 6.4%). A conservative cutoff of 10% was then used to assess the formation of a substantial neurochemical placebo effect for the analyses of its psychophysical correlates.
Results
Effects of sustained pain on -opioid receptor-mediated neurotransmission Consistent with previous work (Zubieta et al., 2001) , the sustained pain stimulus, which was always applied on the left side, was associated with a significant activation of endogenous opioid transmission and -opioid receptors (n ϭ 14). The areas involved included the dorsal anterior cingulate, medial prefrontal cortex, right insular cortex, ventral basal ganglia, bilaterally (nucleus accumbens extending to the ventral pallidum), medial thalamus, right amygdala, left subamygdalar temporal cortex, and periaqueductal gray (Fig. 1) .
Psychophysical responses to placebo administration
Expectation of analgesia before the introduction of the placebo was rated at 50 Ϯ 18% VAS units (range, 10 -75%), with endpoints denoted as "no effect at all" and "complete pain relief," respectively. The analgesic effectiveness of the placebo was subjectively rated at 54 Ϯ 24% VAS units (range, 10 -90%) after completion of the study. This information confirmed that there was expectation of analgesia induced by our clinical trial type of instructions.
Introduction of the placebo (1 ml of isotonic saline, i.v.; every 4 min) was associated with an increase in the average rate of algesic stimulus required to maintain pain, an objective assessment of the activation of antinociceptive mechanisms (Table 1,  top) . Pain intensity, as rated every 15 s by the volunteers, was maintained for the duration of the study, as expected given the adaptive nature of the algesic infusion system used. However, a small mean reduction of 4 points in the 0 -100 scale used to rate momentary pain was noted after the introduction of the placebo, which reached statistical significance (Table 1, top). This was attributed to five subjects reaching the maximum allowable infusion rate to maintain pain (250 l/min) when the placebo was administered, an unexpected occurrence. This maximum, safetybound rate had been originally established to avoid tissue swelling and damage. However, because the subjective ratings of the pain experience were related to the volume of algesic substance introduced, the ceiling effect reached in some subjects was not felt to compromise these assessments. Just the opposite, reductions in the pain signal would tend to bias the experiments toward finding lower placebo effects as well.
The additional psychophysical variables used to assess the subjective experience of sustained pain with and without placebo administration are shown in Table 1 (bottom). With the exception of the momentary VAS ratings of pain intensity, which was acquired every 15 s for the duration of the studies, other rating scales (overall VAS ratings of pain intensity and unpleasantness, MPQ, PANAS, POMS-TMD) were administered immediately after completion of each of the challenges. For the entire sample, significant effects of placebo on the pain experience in terms of stimulus magnitude to stimulus response were observed for the ratings of pain intensity and unpleasantness, as well as for the affective information content of the pain, as measured with the MPQ (Table 1) .
We then contrasted the response properties of high and low placebo responders using a 20% difference in the response-tostimulus ratios (average of every 15 s VAS intensity ratings/volume infused) as the cutoff to classify placebo responders. In this manner, nine subjects were classified as high placebo responders, whereas five were classified as low placebo responders. High placebo responders demonstrated significant reductions in rating to stimulus ratios for VAS ratings of overall pain intensity (t ϭ 2.12) and pain unpleasantness (t ϭ 2.21), MPQ sensory subscale scores (t ϭ 3.13), MPQ affective subscale scores (t ϭ 2.66), and MPQ total scores (t ϭ 3.16) and presented lower PANAS negative affect (t ϭ 2.02) and higher PANAS positive affect scores during placebo administration (t ϭ 2.25) (df ϭ 12; unpaired, one-tailed t tests; p Ͻ 0.05). Trend effects were observed for POMS-TMD scores, which were also lower in the placebo responders, albeit below statistically significant thresholds (t ϭ 1.62; p ϭ 0.06).
Effect of placebo on -opioid receptor-mediated neurotransmission
The activation of the endogenous opioid system and -opioid receptors was then compared between sustained pain and sustained pain plus placebo conditions for all subjects (n ϭ 14). Significantly higher levels of activation were obtained for the condition in which placebo was administered. After correction for multiple comparisons, statistically significant effects of placebo on -opioid system activation were obtained in the left (ipsilateral to pain) dorsolateral prefrontal cortex (Brodmann areas 8 and 9), pregenual rostral right (contralateral) anterior cingulate (Brodmann areas 24 and 25), right (contralateral) anterior insular cortex, and left (ipsilateral) nucleus accumbens (Fig. 1) . A second area within the contralateral insular cortex, in its posterior region, also showed changes in neurotransmission; however, it did no longer reach statistical significance after correction for multiple comparisons (Fig. 1) . Data points for significant regions are presented in Figure 2 , confirming robust effects of the placebo on this neurotransmitter system. However, examination of the individual datasets showed that the degree of placeboinduced -opioid system activation was not of the same magnitude across all the brain sites in which these effects were detected. Overall, these data pointed to the fact that an unselected sample of young healthy volunteers, when subjected to clinical trials instructions, showed robust placebo-induced activations of -opioid receptor-mediated neurotransmission that was relatively regionally specific for individual subjects.
Psychophysical correlates of placeboinduced activation of -opioid neurotransmission
In view of the differences in individual placebo-induced neurotransmitter activation patterns, regional psychophysical correlates were examined using a threshold of 10% change in the receptor binding measure to capture data points for which the formation of a substantial regional placebo effect could be ascertained (Fig. 2) . This threshold clearly exceeded the typical variability of receptor binding measures obtained in separate experiments (see Materials and Methods). Correlations were conducted between these regional changes in receptor availability, the algesic infusion volume changes after placebo, and the placebo-induced changes in subjective reports of pain (overall VAS intensity and unpleasantness scores, MPQ sensory and affective subscales, PANAS negative Figure 1 . Effects of pain and placebo on the activation of -opioid receptor-mediated neurotransmission. After correction for multiple comparisons, significant -opioid system activations during the sustained pain challenge (n ϭ 14) were obtained in the dorsal anterior cingulate [DACing; x,y,z coordinates (in millimeters), 17, 10, 40; cluster size, 715 mm 3 ; z score ϭ 5.54; p Ͻ 0.005 after correction for multiple comparisons], medial prefrontal cortex (MPFC; x,y,z, 8, 45, Ϫ5; cluster size, 1064 mm 3 ; z score ϭ 3.90; p Ͻ 0.001), right (contralateral to pain) insular cortex (Ins; x, y, z, 49, 16, 6 ; cluster size, 257 mm 3 ; z score ϭ 4.32; p Ͻ 0.005), ventral basal ganglia, bilaterally [nucleus accumbens (NAcc) extending to the ventral pallidum; right, x,y,z, 12, 4, Ϫ2, cluster size, 1700 mm 3 , z score ϭ 9.26, p Ͻ 0.0001; left, x,y,z, Ϫ19, 9, 4, cluster size, 2177 mm 3 , z score ϭ 4.32, p Ͻ 0.005], medial thalamus (Tha; x,y,z, Ϫ3, Ϫ15, 7; cluster size, 2283 mm 3 ; z score ϭ 6.49; p Ͻ 0.0001), right amygdala (Amy; x,y,z, 25, Ϫ2, Ϫ21; cluster size, 464 mm 3 ; z score ϭ 6.34; p Ͻ 0.0001), left subamygdalar temporal cortex (x,y,z, Ϫ28, 10, Ϫ38; cluster size, 560 mm 3 ; z score ϭ 5.36; p Ͻ 0.005), and periaqueductal gray (x,y,z, Ϫ5, Ϫ28, Ϫ3; cluster size, 122 mm 3 ; z score ϭ 3.56; p Ͻ 0.05). Significant effects of placebo on the activation of the -opioid system (n ϭ 14) were detected in the left dorsolateral prefrontal cortex (DLPFC; x,y,z peak coordinates, Ϫ36, 13, 39; cluster size, 1403 mm 3 ; z score ϭ 4.27; p Ͻ 0.0001), rostral anterior cingulate (RACing; x,y,z, 14, 49, 13; cluster size, 3193 mm 3 ; z score ϭ 4.18; p Ͻ 0.0001), left NAcc (x,y,z, Ϫ7, 11, Ϫ11; cluster size, 1332 mm 3 ; z score ϭ 4.83; p Ͻ 0.0001), and right anterior insula (Ins; x,y,z, 41, 10, Ϫ17; cluster size, 844 mm 3 ; z score ϭ 4.15; p Ͻ 0.05). The posterior right insula achieved subthreshold levels of significance (x,y,z, 44, Ϫ15, 4; cluster size, 732 mm 3 ; z score ϭ 3.81; p Ͻ 0.0001 uncorrected for multiple comparisons). z scores of statistical significance are represented by the pseudocolor scale on the right side of the image and are superimposed over an anatomically standardized MRI image in coronal views. The left side of the axial and coronal images corresponds to the right side of the body (contralateral to pain; radiological convention). A map of -opioid receptor distribution is shown in the top right corner of the figure in a sagittal view, with binding potential (BP) values (receptor availability in vivo; B max /K d ) depicted by the same pseudocolor scale.
and positive affect scales, and POMS-TMD scores). No correction for multiple comparisons was applied to these correlations and should be considered exploratory in nature.
In the pregenual anterior cingulate, placebo-induced -opioid system activation above those levels (n ϭ 7) was correlated with the changes in stimulus-toresponse ratios for overall ratings of VAS pain intensity (r ϭ Ϫ0.87; p Ͻ 0.01) and pain unpleasantness (r ϭ Ϫ0.74; p Ͻ 0.05), MPQ sensory subscale (r ϭ Ϫ0.84; p Ͻ 0.01), and total MPQ scores (r ϭ Ϫ0.89; p Ͻ 0.01). Placebo-induced activation of endogenous opioid neurotransmission in this region was also highly and positively correlated with the increases in the volume of algesic substance required to maintain pain during the placebo condition (r ϭ 0.96; p Ͻ 0.0001).
In the right anterior insular cortex (n ϭ 9), significant correlations were obtained with the changes in VAS ratings of pain intensity (r ϭ Ϫ0.58; p Ͻ 0.05), MPQ sensory (r ϭ Ϫ0.60; p Ͻ 0.05), and total MPQ scores (r ϭ Ϫ0.58; p Ͻ 0.05). At the level of the left nucleus accumbens (n ϭ 8), significant correlations were obtained, in the same direction, with the change in VAS pain intensity ratings (r ϭ Ϫ0.80; p Ͻ 0.01), MPQ affective subscale (r ϭ Ϫ0.81; p Ͻ 0.01), and reductions in the POMS-TMD scores (r ϭ Ϫ0.71; p Ͻ 0.05). No significant correlations were obtained between placeboinduced changes in these psychophysical measures and left dorsolateral prefrontal cortex (n ϭ 10) -opioid neurotransmission. However, and uniquely for this region, -opioid system activation was negatively correlated with the expected analgesic effect as rated by the subjects before placebo administration, whether only placebo responders or all study participants were included in the analysis (r ϭ Ϫ0.55 and Ϫ0.65, respectively; p Ͻ 0.05) (Fig. 3) .
Discussion
This report provides the first direct evidence that the administration of a placebo with implied analgesic properties regionally activates a pain and stress inhibitory neurotransmitter system, the endogenous opioid system, through direct effects on the -opioid receptors. Furthermore, that this activation is associated with quantifiable reductions in the physical and emotional attributes of a sustained pain challenge. We also observe that the respective neurotransmitter activity took place directly in associative, higher-order brain regions, namely the pregenual and subgenual area of the rostral anterior cingulate, the dorsolateral prefrontal and insular cortex, and in the nucleus accumbens, correlating with various aspects of the experience of pain. In the case of the rostral anterior cingulate, activation of this neurotransmitter system was highly associated with the algesic infusion requirements to maintain pain for the duration of the study, an objective measure of the activation of antinociceptive mechanisms. Dorsolateral prefrontal cortex endogenous opioid activity, on the other hand, was associated with the magnitude of analgesia expected by the volunteers before placebo administration.
For the regions in which placebo administration increased the endogenous opioid neurotransmission, with exception of the nucleus accumbens, their localization primarily coincided with that observed by Wager et al. (2004) as reductions in pain-induced metabolic demands as measured by blood oxygenation leveldependent fMRI (BOLD-fMRI) during placebo administration (i.e., prefrontal cortex, pregenual anterior cingulate, and insular Mean Ϯ 1 SD of psychophysical measures of pain during the sustained pain challenge in the absence (Pain) and presence (Pain ϩ Plbo) of placebo in 14 males 20 -30 years of age. Mean q 15 s momentary VAS intensity refers to the average ratings of momentary pain acquired every 15 s for the duration of the pain challenge (20 min). Volume 5% intramuscular saline (in microliters) is the total volume of algesic substance introduced by the adaptive pain control system to maintain pain. The remainder of the scales (VAS, 0 -100 of overall pain intensity and unpleasantness; MPQ; PANAS; and POMS-TMD) were obtained immediately after completion of the pain challenge. Data are also expressed as the relationship between the subject's ratings and the stimulus needed to maintain pain during the experimental period ͓rating to stimulus (in milliliters) ratio͔. These ratios are used as the subjective assessment of placebo effects. Paired, one-tailed t test, p Ͻ 0.05.
Figure 2.
Individual data points for the magnitude of regional -opioid system activation in response to the placebo intervention. Individual data points for the change in the binding potential measure (BP; -opioid receptor availability in vivo; B max /K d ) from the pain condition to the pain plus placebo condition are shown. A threshold of 10% increase in the activation of this neurotransmitter system, evidenced as a reduction in the BP measure during the placebo condition, was used to identify individuals that responded with a robust placebo effect on the activation of this system in each of the regions (dashed line). ACing_Rostral, Rostral (pregenual) region of the anterior cingulate; DLPFC_Left, left dorsolateral prefrontal cortex; Insula_Right, right insular cortex; N.Acc._Left, left nucleus accumbens.
cortex). Basal ganglia signals are often difficult to obtain with BOLD-fMRI techniques, which may explain the difference with respect to this region between their data and ours. The regions implicated in the placebo effect are, as would be expected, part of those where prominent endogenous opioid neurotransmission and -opioid receptor populations are present in rodent and human brains (e.g., cingulate, prefrontal, temporal and insular cortices, thalamus, basal ganglia, amygdala, hypothalamus, brainstem) (Gross-Isseroff et al., 1990; Gabilondo et al., 1995; Mansour et al., 1995) . These are the areas in which increases in regional blood flow are registered after the exogenous administration of -opioid receptor agonists (Firestone et al., 1996; Adler et al., 1997; Schlaepfer et al., 1998; Casey et al., 2000; Wagner et al., 2001 ); some of them (i.e., rostral anterior cingulate) had also been noted to be more prominently activated in high placebo responders after -opioid agonist administration (Petrovic et al., 2002) . Our work takes the investigation of placebo effects directly into the realm of human brain neurotransmission, addressing the function of a single neurotransmitter system. In this regard, -opioid receptor-mediated neurotransmission is one of the principal systems involved in the modulation of pain (Matthes et al., 1996) , stress responses (Akil et al., 1984) , and stress-induced analgesia in animal models (Mogil et al., 1994; Rubinstein et al., 1996) as well as in humans (Zubieta et al., 2001 (Zubieta et al., , 2002 (Zubieta et al., , 2003a . The -opioid system has also been implicated in the regulation of behavioral responses to novel environments and stimulusreward associations in studies using animal models devoid of these receptors (Filliol et al., 2000; Moles et al., 2004) , as well as in the regulation of affective responses in humans (Zubieta et al., 2003b) . As such, this neurotransmitter system appears to support the neurobiologies of pain, stress, and their modulation by cognitive-emotional influences.
Prominent effects of the placebo intervention on -opioid receptor-mediated neurotransmission were observed in Brodmann areas 24 and 25 of the pregenual and subgenual anterior cingulate, part of the so-called affective subdivision of the anterior cingulate (Bush et al., 2000) . Notably, the metabolic activation of the anterior cingulate by pain (Talbot et al., 1991; Davis et al., 1995; Vogt et al., 1996; Aziz et al., 1997; Casey, 1999; Gelnar et al., 1999; Willoch et al., 2000) and by more specific aspects of the pain experience, such as the pain intensity (Coghill et al., 1999; Hofbauer et al., 2001) , its affective qualities (Rainville et al., 1997; Tolle et al., 1999) , pain anticipation (Hsieh et al., 1999; Ploghaus et al., 1999) , the illusion of pain (Craig et al., 1996) , or even empathy to pain experienced by others (Singer et al., 2004) have typically involved more dorsal subregions of the anterior cingulate. Conversely, the metabolic activity of the pregenual and subgenual anterior cingulate has been traditionally implicated in responses to stressful challenges of emotional significance (Phan et al., 2002) and more recently, in the placebo effect (Petrovic et al., 2002; Wager et al., 2004) . Of interest, reductions in its baseline metabolism and volume have been associated with familial and treatment-refractory major depression (Drevets et al., 1997; Mayberg et al., 1997) , an illness thought to be mediated by alterations in homeostatic responses to salient or stressful environmental events. This illness otherwise presents with high responses to placebo administration in controlled trials (Schatzberg and Kraemer, 2000) . In the present report, placebo-induced activation of -opioid neurotransmission in the pregenual and subgenual anterior cingulate was not only significantly correlated with the suppression of volunteer's reports of perceived pain intensity and sensory pain qualities, but also with the increases in algesic infusion requirements for maintaining pain intensity during placebo administration. The connectivity of this region (Brodmann areas 24 and 25) with brain nuclei involved in pain, saliency-reward, affect, and autonomic and neuroendocrine regulatory (Carmichael and Price, 1995; Haber et al., 1995; An et al., 1998; Ongur et al., 1998) , together with recent data on the effects of placebo on the metabolic activity (Petrovic et al., 2002; Wager et al., 2004) , makes it a particularly likely site for the mediation of various placebo effects.
Placebo-induced activation of -opioid neurotransmission was also observed in the insular cortex, an area that becomes metabolically activated in response to painful stimuli in imaging studies in humans (Casey, 1999; Davis, 2000; Peyron et al., 2000) . This region is thought to have a more general involvement in the representation and modulation of interoceptive, internal bodily responses to both physical and emotional stimuli (Casey, 1999; Cameron, 2001; Craig, 2002; Phan et al., 2002) . Its posterior portions aid in the processing of somatosensory information, including muscular pain, such as is the case of the present study (Craig et al., 2000; Kupers et al., 2004) . The anterior insula, however, appears implicated in the more complex, subjective processing of the affective qualities of various physical and emotional stimuli (Craig, 2003; Singer et al., 2004) . We also observed placeboinduced -opioid system activation in both posterior and anterior areas of the right insular cortex (contralateral to pain in the present study); however, only the anterior region reached statistical thresholds of significance, correlating with pain intensity and sensory qualities of the pain.
In the nucleus accumbens, placebo-induced activation of -opioid neurotransmission was significantly correlated with the suppression of pain intensity and pain affect, as well as with the negative mood state induced by the pain challenge. This is a dopamine-rich region in which both dopamine and opioid pep- tides have been shown to regulate responses to painful and stressful stimuli (Gear et al., 1999; Horvitz, 2000; Zubieta et al., 2003a) but also natural rewards (Berridge and Robinson, 1998; Will et al., 2003) and drugs of abuse (Unterwald, 2001; Volkow et al., 2004) , both in animals and humans. As a result, it is thought to have broader role in responding to and modulating salient stimuli with both rewarding and nonrewarding valences (Berridge and Robinson, 1998; Horvitz, 2000; Lorenz et al., 2003; Pruessner et al., 2004; Zald et al., 2004; Zink et al., 2004) . Activation of dopaminergic neurotransmission in this region, and reductions in the neuronal activity of some of its efferent targets (subthalamic nucleus), have also been shown under conditions of placebo administration and expectation of improvement in Parkinson's disease (de la Fuente-Fernandez et al., 2001; Benedetti et al., 2004) . Of relevance to the present results, Parkinson's disease is characterized by reductions in dopaminergic neurotransmission, which in turn has been associated with both a higher content of opioid peptides in this region (George and Kertesz, 1987; Steiner and Gerfen, 1998 ) and a more prominent activation of the -opioid system in response to pain (Zubieta et al., 2003a) . These mechanisms may then underlie the particular responsiveness of this neurodegenerative illness to placebo-associated expectancies, previously observed by various authors (Shetty et al., 1999; Goetz et al., 2000) .
Finally, although the activation of endogenous opioid neurotransmission in the left dorsolateral prefrontal cortex was not correlated with placebo-induced changes in the pain psychophysical measures obtained from our subjects, we did observe a negative relationship between -opioid system activation in this region and the magnitude of the analgesic effect expected by our subjects before the administration of the placebo. Consistent with this observation, this brain region was found bilaterally activated during placebo-induced anticipation of analgesia in an fMRI study (Wager et al., 2004) . Lorenz et al. (2003) also found that the metabolic activity of this region was negatively correlated with that of other elements of the "pain matrix" (e.g., medial thalamus, midbrain, and insular cortex) during pain; it was also negatively correlated with the perceived intensity and unpleasantness of the painful stimulus. These authors then suggested a role for this region in the indirect modulation of responses to pain through other cortical (e.g., insular cortex) and subcortical (thalamus, midbrain) regions. If this were the case, a reduction in opioid inhibitory control in the dorsolateral prefrontal cortex would be associated with a permissive effect on the engagement of other pain control regions, a testable hypothesis for future studies. The hypothesized involvement of the dorsolateral prefrontal cortex in the temporal organization and adjustments in the control of behavior (Fuster, 2000; Kerns et al., 2004) may then extend into the metabolic (Wager et al., 2004) and neurotransmitter responses (as is the case in the present report) to placeboinduced expectations of analgesia. Conversely, Apkarian et al. (2004) reported progressive gray-matter atrophy in this brain region in chronic back pain patients as a function of pain duration. As more persistent forms of illness tend to present with lower placebo response rates, the contribution of variations in dorsolateral prefrontal function to the formation of a placebo effect warrants additional study.
The results presented are consistent with reports implicating the endogenous opioid system in the mediation of placebo analgesic effects, examined previously by their blockade after the systemic administration of naloxone (Gracely et al., 1983; Grevert et al., 1983; Levine and Gordon, 1984; Benedetti, 1996; Amanzio and Benedetti, 1999) . Naloxone, however, is not a selective -opioid receptor antagonist, and it may influence other opioid receptor types. The present work, conversely, exclusively addresses the -opioid receptor and the psychophysical correlates of its activation, leaving open the question of whether other opioid receptor types or neurotransmitter mechanisms may also be involved in these effects. The data presented here also highlight that changes in neurochemical signaling induced by the introduction of a placebo do not represent an on-off phenomenon, but rather a graded effect that is influenced, with relative independence, by a number of brain regions with complex, "integrative-motivational" functions.
The results presented and recent data from animal models (Moles et al., 2004) are consistent with the notion that placeboresponding regions and neurochemical systems (e.g., the endogenous opioid system and -opioid receptors) are an intrinsic part of neuronal processes that mediate the interaction between positive environmental conditions (in the present case the suggestion of analgesia) and the corresponding physical and emotional responses of the individual. From a different perspective, disruptions in these normal regulatory processes, exemplified by the typically lower rates of placebo responding in the more persistent or severe forms of various illnesses, may then represent points of vulnerability for the expression or maintenance of various pathological states.
